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Measurement of K+ → π+νν̄ Decay

It is a great privilege and pleasure to contribute to this celebration of Laurence
Littenberg’s career and accomplishments.

I have known Laurie since the 1970s and have had many very valuable and fruitful
interactions with him. I regard him as a remarkable physicist for many reasons.

As discussed by Doug Bryman and Stew Smith, Laurie played a leading role in obtaining
the first measurement of the rare K decay K+ → π+νν̄, as cospokesman of BNL
E787 (S. Adler et al. (E787 Collab.), PRL 79, 2204 (1997); PRL 84, 3768 (2000); PRL
88, 041803 (2002)). This was recognized by the award of the 2011 Panofsky Prize to
Laurie, Doug, and Stew for this tremendously impressive achievement.

Doug, Steve Kettell, Laurie, and their collaborators carried on this work in the successor
experiment BNL E949. The current measured value based on data from both
experiments is

BR(K+ → π+νν̄) = (1.73+1.15
−1.05) × 10−10 (90% CL)

(V. Anisimovsky et al. (E949 Collab.) PRL 93, 031801 (2004); Artamonov et al.
(E949) PRL 101, 191802 (2008)), in agreement with the Standard-Model (SM),
(0.8± 0.1)× 10−10. This is a stringent test of the SM and the unitarity of the CKM
quark mixing matrix, and a valuable constraint on possible beyond-SM (BSM) physics.



Appeal of K+ → π+νν̄ (i.e.,
∑

νe,νµ,ντ
K+ → π+ + νℓν̄ℓ) decay: hadronic part of

the matrix element is related to the known matrix element for Kℓ3 decay, and process
is short-distance dominated, so BR can be rather accurately calculated.

Early study of one-loop induced K decays and K − K̄ mixing by M. K. Gaillard and B.
W. Lee (Phys. Rev. D10, 897 (1974)) showed GIM mechanism operates at the one-loop
level to strongly suppress these flavor-changing neutral current (FCNC) processes.

Gaillard and Lee estimated BR(K+ → π+νν̄) ≃ 10−10, showed how challenging a
measurement of this decay would be because of the extremely small BR.

Additional challenge: two of the final-state particles are not observed, so must have an
extremely good detector that can suppress/veto possible backgrounds.

Laurie was courageous enough to take up this challenge and was so skilled, dedicated,
and perseverent, that, with his collaborators, he met the challenge, designed, built, and
ran the experiment, and successfully measured this decay with its tiny branching ratio.
This was truly a great achievement.

Further appeal of an experiment on K+ → π+ + missing (weakly interacting)
neutrals: since the BR for the SM decay K+ → π+νν̄ is so small, this provides
excellent opportunity to search for BSM physics.





Upper limit as of 1981: BR(K+ → π+νν̄) < 1.4 × 10−7 at 90 % CL (Asano et
al. (KEK), Phys. Lett. 107B, 159 (1981)). So large window for the discovery of
possible BSM physics that might contribute above the SM level BR ≃ 10−10.

Several possible BSM contributions; e.g., in SUSY (i) new contributions to internal lines
in the one-loop diagrams contributing to K+ → π+νν̄ and (ii) new decay modes with
the same experimental signature.

Early SUSY studies considered the possibility that photinos γ̃ (neutralinos χ̃) could be
light, so that the decay K+ → π+γ̃γ̃ (K+ → π+χ̃0

1χ̃
0
1) could occur, e.g.

M. K. Gaillard, Y.-C. Kao, I-H. Lee, and M. Suzuki, “K+ → π+γ̃γ̃ in Spontaneously
Broken Supersymmetric Models”, Phys. Lett. 123B, 241 (1983).

The measurement of BR(K+ → π+νν̄) by Laurie and collaborators in E787 and
E949, in conjunction with other information on CKM mixing matrix parameters from
other experiments including CLEO, BABAR, and Belle , have demonstrated excellent
agreement with the SM CKM picture and a consistent unitarity triangle. This is a very
important constraint on any BSM physics.

Currently, CERN NA62 exp. is taking data on K+ → π+νν̄ (using decay-in-flight
rather than decay-at-rest).



Laurie’s deep knowledge of both experimental and theoretical physics evident in many
ways, e.g., his pioneering analysis of KL → π0νν̄, pointing out its potential to
elucidate CP violation: L. Littenberg, Phys. Rev. D39, 3322 (1989) and later work with
Doug Bryman, Mike Zeller, et al. toward KOPIO exp.

Also Laurie’s lucid, authoritative talks and reviews, e.g., L. Littenberg. and G. Valencia,
Ann. Rev. Nucl. Part. Sci. 43, 729 (1993) and periodically updated minireviews in the
PDG Review of Particle Properties, http://pdg.lbl.gov.

With Frank Paige and others, Laurie studied searches for SUSY, contributed to
planning for GEM detector for SSC.

Laurie has also given generously of his time, serving on many HEP advsory and program
committees, and has continued with neutrino physics on Daya Bay, DUNE.

Another of the ways in which Laurie is a remarkable physicist is his very friendly
personality, supportive and open to ideas and discussions, enthusiastic to pursue these
to get new information in particle physics, always with great modesty and a wonderful
sense of humor.



Upper Limits on |∆L| = 2 Meson and Baryon Decays

I have enjoyed many discussions with Laurie. We shared some common interests in K
decays. After my Ph.D. (Princeton, 1975), my first paper as postdoc at Fermilab, in
summer, 1975, was on KL → µ+µ−, M. Gaillard, B. W. Lee, RS, Phys. Rev. D13,
2674 (1976); others included B. W. Lee, RS, Phys. Rev. D16, 1444 (1977) with results
on charged-lepton flavor violating decays KL → µ±e∓ and K+ → π+µ±e∓ in
theories with massive neutrinos, and bounds on CKM angles from KL → µ+µ in RS
and M. Voloshin, Phys. Lett. 87B, 375 (1980).

Laurie and I collaborated on papers giving new limits on |∆L| = 2 meson and baryon
decays:

1. L. S. Littenberg and RS, “Upper Bounds on Lepton-Number Meson Decays”, Phys.
Rev. Lett. 68, 443 (1992).

2. L. S. Littenberg and RS, “Upper Bounds on |∆L| = 2 Decays of Baryons”, Phys.
Rev. D46 (Rapid Commun.) R892 (1992).

3. L. S. Littenberg and RS, “Implication of Improved Bounds on |∆L| = 2
Processes”, Phys. Lett. B491, 285 (2000).





Abstract from our 1992 PRL:

“From a retroactive data analysis, we obtain the first upper bound on the |∆L| = 2
kaon decay K+ → π−µ+µ+: B(K+ → π−µ+µ+) < 1.5 × 10−4. We also
discuss K+ → π−µ+e+ and |∆L| = 2 decays of D and B mesons. We suggest
experiments which can improve our limit and discuss the connections with direct
searches for heavy neutrinos in K+

µ2 decay.”



Neutrino masses and lepton mixing - first physics beyond the original Standard Model,
which had zero neutrino masses and conservation of lepton family no. and total lepton
no.

ν mass terms naturally include electroweak-singlet Majorana bilinear operators
∑

i,j MR,i,jν
T
i,RCνj,R + h.c., violating total lepton no. L by |∆L| = 2.

Best current upper bounds on |∆L| = 2 decays are from searches for neutrinoless
double beta (0ν2β) decays (Z,A) → (Z + 2, A) + e− + e−. Amplitude
Amp ∝

∑

i U
2
eif(mνi). For light neutrinos, Amp ∝ 〈mββ〉 ≡

∑

i U
2
eimνi.

Limits on half-lives plus approx. calc. of nuclear matrix elements (NME) yield upper
limits on 〈mββ〉.

2013 combined results from EXO-200 and KamLANDZen, searching for 0ν2β decay of
136Xe yield T1/2 > 3.4 × 1025 yr. (90 % CL), ⇒ 〈mββ〉 < (0.12 − 0.25) eV,
depending on NME (A. Gando et al., PRL 110, 062502 (2013)). Recently, new
KamLANDZen limit: T1/2 > 1.1 × 1026 yr. ⇒ 〈mββ〉 < (0.06 − 0.16) eV (A.
Gando et al., arXiv:1605.02889).

However, these limits from 0ν2β decays of nuclei do not constrain |∆L| = 2 decays
involving muons.



More generally, independent of models, it is of interest to put limits on as many
|∆L| 6= 0 process as possible, in particular, those not otherwise constrained.

Thus motivated, we investigated |∆L| = 2 pseudoscalar meson decays in our 1992
PRL, including K+ → π−µ+µ+. Previously, exps. had not searched for this decay.
We examined data from previous K decay exps. to see if a retroactive analysis could
yield a limit. Counter exps. had set triggers, cuts that would have excluded it in their
data. We obtained our upper bound

BR(K+ → π−µ+µ+) < 1.5 × 10−4 (90% CL)

from a retroactive analysis of data from a Maryland-Rutgers BNL experiment using the
30” H bubble chamber (C. Chang, G. Yodh et al., PRL 20, 510 (1968))

We also set an indirect upper limit on the |∆L| = 2 decay K+ → π−µ+e+ by using
property that leptonic part of matrix elt. is related by crossing to that for the
|∆L| = 2 conversion process µ− + (Z,A) → e+ + (Z − 2, A), for which
σ(µ− Ti → e+ Ca)/σ(µ− Ti → capture) < 1.7 × 10−10 (S. Ahmad et al.,
incl. Doug Bryman (TRIUMF), PRD 38, 2102 (1988)). Hadronic matrix elements are
different, but with reasonable estimate, we got

BR(K+ → π−µ+e+) <
∼ few × 10−9



Our suggestion in the 1992 PRL to perform a dedicated search for these |∆L| = 2
K+ decays was taken up by the BNL E865 exp. (M. Zeller, spokesman).

BNL E865 limits (R. Appel et al. (incl. H. Ma, M. Zeller..) PRL 85, 2450 (2000)) at
90 % CL:

BR(K+ → π−µ+µ+) < 3.0 × 10−9

BR(K+ → π−µ+e+) < 0.50 × 10−9

BR(K+ → π−e+e+) < 0.64 × 10−9

Improved limits from CERN NA48/2: (J. Batley et al., PLB 697, 107 (2011)):

BR(K+ → π−µ+µ+) < 1.1 × 10−9 (90% CL)

and recently from further NA48/2 data analysis (e.g., C. Lazzeroni, talk at BEACH
Conf., June, 2016)

BR(K+ → π−µ+µ+) < 0.86 × 10−10 (90% CL)

In our second paper, PLB 491, 285 (2000), we studied implications of the improved
limits on |∆L| = 2 decays of K+ from BNL E865.





We used an improved upper bound on µ− → e+ conversion
σ(µ− Ti → e+ Cag.s.)/σ(µ

− Ti → capture) < 1.7 × 10−12, from J. Kaulard
et al. (SINDRUM II exp. at PSI), PLB 422, 334 (1998), to infer

BR(K+ → π−µ+e+) <
∼ few × 10−11

E865 limit has advantage of being direct; further improvement in search for µ− → e±

conversion expected from µ2e exp. at Fermilab.

One contribution to K+ → π−µ+µ+ and K+ → π−µ+e+ involves neutrinos, if
they are Majorana. This is negligibly small for known ν masses <∼ 0.05 eV.

There might also be contribs. from possible higher-mass sterile Majorana νs
(constrained by other data). For K+ → π−ℓ+ℓ′+, where
ℓ+ℓ′+ = µ+µ+, µ+e+, e+e+,

Amp(K+ → π−ℓ+ℓ′+) ∝
∑

j

(U∗
ℓjU

∗
ℓ′j)

2g(mνj)

where g(µνj) is kinematic fn., so cancellations among contribs. are possible (as in
0ν2β decays). (Also possible contribs. in R-parity violating SUSY.) Neutrino graphs:





Some (90 % CL) upper limits on |∆L| = 2 heavy-flavor pseudoscalar meson decays:

Decay BR Upper Lim. Ref.

D+ → π−µ+µ+ 2.2 × 10−8 R. Aaij et al. (LHCb), PLB 724, 203 (2013)

D+ → π−µ+µ+ 2.0 × 10−6 J. Lees et al. (BABAR), PRD 84, 072006 (2011)

D+ → π−µ+e+ 2.0 × 10−6 BABAR, 2011, op. cit.

D+ → K−µ+µ+ 1.0 × 10−5 BABAR, 2011, op. cit.

D+ → K−µ+e+ 1.9 × 10−6 BABAR, 2011, op. cit.

D+
s → π−µ+µ+ 1.2 × 10−7 LHCb, 2013, op. cit.

D+
s → π−µ+µ+ 1.4 × 10−5 BABAR, 2011, op. cit.

D+
s → π−µ+e+ 0.84 × 10−5 BABAR, 2011, op. cit.

B+ → π−µ+µ+ 1.3 × 10−8 R. Aaij et al. (LHCb), PRD 85, 112004 (2012)

B+ → π−µ+µ+ 1.07 × 10−7 J. Lees et al. (BABAR), PRD 89, 11102 (2014)

B+ → π−µ+e+ 1.5 × 10−7 BABAR, 2014, op. cit.

B+ → K−µ+µ+ 4.1 × 10−8 LHCb, 2012, op. cit.

B+ → K−µ+µ+ 6.7 × 10−8 BABAR, 2014, op. cit.

B+ → K−µ+e+ 1.5 × 10−7 BABAR, 2014, op. cit.

B+ → D−µ+µ+ 6.9 × 10−7 LHCb, 2012, op. cit.

B+ → D−µ+e+ 1.8 × 10−6 O. Seon et al. (Belle), PRD 84, 071106 (2011)

Laurie and I also considered |∆L| = 2 hyperon decays:





Abstract from our PLB:

“From a retroactive data analysis, we derive the first upper bound on a |∆L| = 2
hyperon decay: BR(Ξ− → pµ−µ−) < 3.7 × 10−4 (90 % CL). We also comment
on the decay Σ− → pµ−µ− and |∆L| = 2 decays of charmed and b baryons, in
particular, Ξ+

c → Ξ−µ+µ+. Finally, rough upper limits are given on
BR(Σ− → pµ−e−) and BR(Ξ− → pµ−e−).”

Our limit BR(Ξ− → pµ−µ−) < 3.7 × 10−4 was obtained from a retroactive
analysis of data from a Columbia-SUNY-Binghampton hydrogen bubble chamber exp.
at BNL (which reported first observation of the weak decay Ξ− → Λµ−ν̄µ), N. Yeh
et al., PRD 10, 3545 (1974).

We suggested dedicated search for |∆L| = 2 hyperon and heavy-flavor baryon decays.
This was done by the HyperCP exp. at Fermilab, which obtained the limit (D. Rajaram
et al., PRL 94, 181801 (2005))

BR(Ξ− → pµ−µ−) < 4.0 × 10−8 (90% CL)

These limits on |∆L| = 2 meson and baryon decays involving muons are useful and
complement the limits from neutrinoless double beta decay.



Limits on Heavy Neutrino Emission in π+
e2 and K+

µ2 Decays

Laurie Littenberg and collaborators have recently set important new limits on heavy
neutrino emission in π+ → e+νe and K+ → µ+νµ decays:

• TRIUMF PIENU exp.: M. Aoki et al. (incl. Laurie, Doug Bryman, Steve Kettell,
Toshio Numao...), “Search for Massive Neutrinos in the Decay π → eν”, PRD 84,
052002 (2011) [arXiv:1106.4055].

• TRIUMF PIENU exp.: A. Aguilar-Arevalo et al. (incl. Laurie, Doug Bryman, Steve
Kettell, Toshio Numao...), “Improved Measurement of the π → eν Branching
Ratio”, PRL 115, 071801 (2015) [arXiv:1506.05845].

• BNL E949 exp., A. V. Artamonov et al. (incl. Laurie, Doug Bryman Milind Diwan,
Dave Jaffe, Steve Kettell, Toshio Numao, Bob Tschirhart...), “Search for heavy
neutrinos in K+ → µ+νH decays”, Phys. Rev. D91, 052001 (2015)
[arXiv:1411.3963].







To set the context: we now have a wealth of data on neutrino masses and mixing from
the Davis Cl exp., Kamiokande, SAGE, GALLEX, SuperK, SNO, K2K, KamLAND,
Borexino, MINOS, T2K, ICARUS, NOvA, Daya Bay, RENO, Chooz, EXO-200,
KamLANDZen, etc. Exps. have measured many of the relevant parameters:

∆m2
21 ≃ 0.75 × 10−4 eV2

|∆m2
32|, |∆m2

31| ≃ 2.4 × 10−3 eV2

θ23 ≃ 45◦, θ12 ≃ 33◦, , θ13 ≃ 9◦

More exps. planned and underway (FNAL SBL program, MINERVA, µBooNE,
LBNE/DUNE, HyperK, JUNO, SHiP...); information still to be obtained includes:

• neutrino mass ordering (normal: mν3 > mν2
>
∼ mν1 or inverted:

mν2
>
∼ mν1 > mν3)

• leptonic CP violation, δCP

•Majorana vs. Dirac nature of neutrinos

Data from most exps. fit the 3-neutrino framework.



Appealing explanation for small neutrino masses via the GUT-scale seesaw mechanism:
although Dirac mass terms

∑

ℓ,i

ν̄ℓ,LMD,ℓ,iνi,R + h.c.

result from electroweak symmetry breaking (EWSB) and hence are naturally < EWSB
scale, Majorana mass terms

ns
∑

i,j=1

MR,ijν
T
i,RCνj,R + h.c.

are SM-singlet operators. Hence, from top-down viewpoint, elts. of MR are naturally
≫ EWSB scale, so (assuming det(MR) 6= 0 so M−1

R exists) neutrino mass
eigenvalues from diagonalization of MDM

−1
R MT

D are naturally small.

Then neutrino mass eigenvalues divide into a set of small ones generically ∼ m2
D/mR,

and large ones ∼ mR ∼ MGUT (or more generally, deep UV scale).

But note important scaling property: MDM
−1
R MT

D is invariant under the rescaling

MD → zMD, MR → z2MR

which enables a low-scale seesaw, with the mainly EW-singlet (sterile) neutrino mass
eigenstates at masses ≪ MGUT .



Well-known hints of possible intermediate-mass sterile neutrinos from

• LSND (ν̄µ → ν̄e osc.)

•MiniBooNE (ν̄µ data), partially consistent with LSND

• reactor ν̄e flux recalculations

•
51Cr calibration anomaly in SAGE, GALLEX

These are not persuasive, but motivate further checks.

These effects hint at possible ∆m2 ∼ 0.1 − few eV2, hence new ν mass
eigenstate(s), primarily EW-singlet, i.e., sterile.

Some recent global fits: Kopp, Machado, Maltoni, Schwetz, JHEP 1305, 050 (2013)
[arXiv:1303.3011v3]; Giunti, Laveder, Li, PRD 88, 073008 (2013) [arXiv:1308.5288];
Gonzalez-Garcia, Maltoni, Schwetz, NPB 908, 199 (2016) [arXiv:1512.06856]; also
Conrad, Shaevitz, et al., 1207.4765; some tensions with sterile νs having ∼ eV masses;
appearance vs. disappearance results.

Neutrinos with mν ∼ few keV can provide warm dark matter of interest to cosmology.
Report of line with Eγ = 3.5 keV in X-ray data: Bulbul et al., Ap. J. 789, 13 (2014);
Boyarsky et al. PRL 113, 251301 (2014), which could be due to decay νh → νiγ of a



νh with mνh = 7 keV (claim challenged by others, e.g., Anderson, Churazov,
Bregman, MNRAS 452, 3905 (2015)).

Astrophysics/cosmological constraints on νh couplings, lifetime from mean mass
density, BBN, CMB.

Hints of possible eV-scale and/or keV-scale νh also hint that possible heavier νhs might
exist.

Low-scale seesaw models can yield intermediate mass sterile neutrinos, e.g., in O(102)
MeV to GeV region (e.g., Canetti, Drewes, Frossard, Shaposhnikov, PRD 87, 093006
(2013); Appelquist, RS PLB 548, 204 (2002); PRL 90, 201801 (2003); Appelquist, Piai,
RS, PRD 69, 015002 (2004), etc.

Independent of specific models, it is of general interest to search for heavy neutrinos in
as wide a mass range as possible.

Experiments are crucial to settle the question of possible intermediate-mass sterile
neutrinos.



Expression of weak eigenstates νℓ = {νe, νµ, ντ} in terms of mass eigenstates:

νℓ =

3+ns
∑

i=1

Uℓiνi

where U = Maki-Nakagawa-Sakata-Pontecorvo (MNSP) lepton mixing matrix.

Searches for emission of heavy neutrinos νh via lepton mixing in various decays
proposed and applied in RS, Phys. Lett. B96, 159 (1980); RS, Phys. Rev. D 24, 1232,
1275 (1981); retroactive data analysis performed using π+

µ2, π
+
e2, K

+
µ2, and K+

e2 data
to set upper bounds on |Uµh|

2 and |Ueh|
2 down to 10−5 in various mass ranges

including intervals in 20 MeV <
∼ mνh

<
∼ 200 MeV (also limits from µ decay and

nuclear beta decay).

2-body leptonic decay of pseudoscalar meson M+ → ℓ+νℓ with M+: π+, K+, D+,
B+ is very clean mode: monochromatic signature with reduced momentum pℓ of ℓ

+

recoiling against massive νh.

If see signal, use value of pℓ to get mνh, independent of |Uℓh|. From mνh and
measured BR(M+ → ℓ+νh), extract value of |Uℓh|. If see no signal, set upper limit
on |Uℓh| as function of mνh.



Simple kinematics: BR for νh decay wrt. decay into ν’s of negligibly small masses:

BR(M+ → ℓ+νh)) =
Γ(M+ → ℓ+νh)

Γ(M+ → ℓ+νℓ)
=

|Uℓh|
2 ρ(δM

ℓ , δM
h )

ρ(δM
ℓ , 0)

where

ρ(x, y) = fM(x, y) [λ(1, x, y)]1/2

δM
ℓ =

m2
ℓ

m2
M

, δM
h =

m2
νh

m2
M

fM(x, y) = x + y − (x − y)2 (from matrix element squared, |M|2)

and 2-body phase space factor

[λ(1, x, y)]1/2 =
[

1 + (x − y)2 − 2(x + y)
]1/2



Define reduced functions relative to mνh = 0 case:

f̄M =
fM(δM

ℓ , δM
h )

fM(δM
ℓ , 0)

=
fM(δM

ℓ , δM
h )

δM
ℓ (1 − δM

ℓ )

λ̄ 1/2 =
λ1/2(1, δM

ℓ , δM
h )

λ1/2(1, δM
ℓ , 0)

=
λ1/2(1, δM

ℓ , δM
h )

(1 − δM
ℓ )

ρ̄(δM
ℓ , δM

h ) ≡
ρ(δM

ℓ , δM
h )

ρ(δM
ℓ , 0)

with ρ(x, 0) = x(1 − x)2 and

Γ(M+ → ℓ+νℓ) =
|Vqq′|

2 G2
F f2

Mm3
M

4π
ρ(δMℓ , 0) =

|Vqq′|
2 G2

F f2
MmMm2

ℓ

4π

(

1 −
m2

ℓ

m2
M

)2

where Vqq′ = Vus for K
+, etc.

Plots of reduced functions (from RS, 1981)







Very large enhancement in the kinematic rate factor for π+ → e+νh and
K+ → e+νh relative to decays to negligible-mass eigenstates in νe because of the
removal of helicity suppression factor.

Function fM reaches a maximum at

δM
h =

1

2
+ δM

ℓ

which is in the physical region for π+
e2, K

+
e2, and K+

µ2. Here

fM,max

fM(δℓ, 0)
=

δℓ +
1
4

δℓ(1 − δℓ)

This ratio is ≃ 1/(4δe) ≫ 1 for M+ → e+νh decays. Its value is 2 × 104 for
π+ → e+νh and 2 × 105 for K+ → e+νh.

With slow decrease of the 2-body phase space factor, relative rate factor for π+
e2,

ρ̄(δπ
e , δ

π
h), reaches a max. of 1.1 × 104 at mνh = 81 MeV.

Monochromatic nature of signal and this enhancement enable one to get very stringent
upper bounds on |Uℓh|

2.



The suggested search for emission of a heavy νh has been carried out in a number of
experiments starting in 1981 and extending to the present, including

• searches for π+ → µ+νh in series of exps. at SIN/PSI, TRIUMF, IUCF: Abela et
al., PLB 105, 263 (1981); Minehart et al., PRL 52, 804 (1984); Daum et al., PRD
36, 2624 (1987); Calaprice et al., PLB 106, 175 (1981); Bryman and Numao, PRD
53, 558 (1996); Daum et al., PRL 85, 1815 (2000).

• search for K+ → µ+νh at KEK: Asano et al., PLB 104, 84 (1981); Hayano et al.,
PRL 49, 1305 (1982); at BNL: Artamonov et al. (E949), PRD 91, 052001 (2015);
ongoing data analysis in CERN NA62.

• search for K+ → e+νh at KEK: Yamazaki, 1984 (ν-84 Conf.).

• searches for π+ → e+νh in a series of exps. at TRIUMF and SIN/PSI and limits
from BR(π+

e2)/BR(π+
µ2): TRIUMF exps incl. Bryman et al., PRL 50, 1546

(1983); Azuelos et al., PRL 56, 2241 (1986); Britton et al., PRD 46, R885 (1992);
Aoki et al., PRD 84, 052002 (2011); Aguilar-Arevalo et al., PRL 115, 071801
(2015); SIN/PSI: DeLeener-Rosier et al. (incl. J. Deutsch, at PSI), PLB 177, 228
(1986); DeLeener-Rosier et al., PRD 43, 3611 (1991).

The TRIUMF PIENU exp. searching for π+ → e+νh obtained upper bound
|Ueh|

2 <
∼ few × 10−8 for 60 < mνh < 130 MeV.







The BNL E949 exp. searching for K+ → µ+νh obtained upper bound |Uµh|
2 from

∼ 10−7 to ∼ 10−9 for 175 < mνh < 300 MeV.

Main trigger in BNL E949 exp. selected π+ for K+ → π+νν̄, but µ+ were also
present and were used for this search. The upper limits on |Uµh|

2 improve the old KEK
limits by 102 factor and CERN PS191 by ∼ 10, and are independent assumptions in
PS191 results about νh couplings and lifetime.

Emission of a heavy neutrino νh would also shift the observed values of

BR(π+
e2)

BR(π+
µ2)

and
BR(K+

e2)

BR(K+
µ2)

from their SM values; analysis in RS (1980, 1981) and measurements of these (esp. at
TRIUMF) have also yielded bounds on |Ueh|

2 of 10−4 to 10−6 for mνh in range
probed most precisely by π+

e2 decays. Recent TRIUMF PIENU exp. (op. cit.).



A different type of search is on the production of νh or ν̄h in the decay of a π±, K±,
D±, D±

s , etc., searching for its decays νh → νie
+e−, νh → νiµ

+µ−...

Upper bounds set on |Ueh|
2 |Uµh|

2, |UehUµh| via this method by the CHARM,
NOMAD, BEBC, PS191, NuTeV, FMMF experiments, extending down to 10−6 to
10−8 for 100 <

∼ mνh
<
∼ 500 MeV, with bounds < 10−7 for mνh up to ∼ GeV from

BEBC.

Further searches for heavy neutrino/neutral heavy lepton production and decay at higher
masses ∼ GeV at LEP (Delphi, L3) and by ATLAS and up to TeV masses from LHC in
ATLAS Collab., Eur. Phys.J. C72, 2056 (2012); PRL 115, 031801 (2015); CMS Collab.,
PRL 109, 261802 (2012); PLB 748, 144 (2015); new limits from 13 TeV LHC data...



Ending

Laurie Littenberg is truly a remarkable physicist, with outstanding experimental
achievements. Let us wish him the best for his post-retirement career and hope that he
continues to contribute to BNL and the HEP community his deep wisdom, excellent
guidance, and pioneering research.


